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(54) Wavelength converter 

(57) A wavelength converter implements high 
speed, high efficiency, low noise wavelength conversion 
without performing high voltage poling of a crystal, and 
enables switching and modulation of converted light in 
response to an electric field. A KLTN crystal (4), which 
is a 0.5 mm thick plate with its surfaces optically pol- 
ished, includes a deposited-gold electrode within its in- 
cidence plane, and is connected to a DC power supply 
via a copper wire. The crystal material is composed of 
KTa^NbxOg and/or K^yLiyTa^Nb^. A fundamental 



wave generator (1) generates a 1.55 p.m fundamental 
wave in accordance with a differential frequency be- 
tween an Nd:YAG Q-switched laser and an excimer la- 
ser. A polarizer (2) controls the polarization of the fun- 
damental wave in the direction parallel to the electric 
field, and launches it into the electrode of the KLTN crys- 
tal (4). The KLTN crystal (4), rotating on an axis in the 
direction of the electric field, launches only part of the 
generated SHG light with the same polarization direc- 
tion as that of the incident light into a photo multiplier 
tube (8) through a polarizer (7). 
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Description 

[0001] The present invention relates to a wavelength 
converter used for optical communication, optical meas- 
urement or display devices, and more particularly to a 
wavelength converter applicable to optical signal 
processing that requires high speed, high efficiency and 
low noise wavelength conversion. In addition, the 
present invention relates to a wavelength converter as 
a multi-wavelength light source used for wavelength di- 
vision multiplexing communication requiring low noise 
signal light with multiple wavelengths and accurate 
channel spacing. 

[0002] Conventionally, a wavelength tunable laser, 
which is implemented by irradiating a crystal or a liquid 
or gas medium, which possesses second order or third 
order non linearity, with a high power laser beam to con- 
vert the laser beam to a wavelength region the laser can- 
not oscillate, is applicable as a wide range wavelength 
tunable light source. This technique is generally called 
an optical wavelength conversion using nonlinear opti- 
cal media. As for materials of the wavelength conversion 
media utilizing the secondary nonlinear optical effect, in- 
organic crystals are applied to many wavelength con- 
version media at present. 

[0003] To implement such wavelength conversion, an 
optical waveguide is often employed to make effective 
use of the nonlinear optical coefficient of the material. 
The wavelength converters proposed so far include 
those utilizing the cross gain modulation, cross phase 
modulation, and four wave mixing (optical mixing using 
third-order nonlinear polarization) of optical semicon- 
ductors. 

[0004] In addition, the phase matching is considered 
as an effective method to be applied to inorganic mate- 
rials such as KTP and LiNb0 3 , and techniques are pro- 
posed which utilize temperature tuning, angle tuning, 
and quasi-phase matching in which less cancellation 
takes place between a nonlinear polarization wave 
based on a fundamental wave and a propagation high 
frequency generated. 

[0005] As for the wavelength conversion utilizing op- 
tical semiconductors that are under development at 
present, they are inapplicable to optical communication 
or optical measurement that requires high speed and 
low noise because they have large noise due to their 
spontaneous emission light, and their speed limit due to 
carrier lifetime. In addition, although UNb0 3 quasi- 
phase matching devices are proposed as a high-speed, 
low-noise wavelength converter, they have drawbacks 
such as insufficient conversion efficiency, requiring an 
interaction length of at least 5 cm to achieve preferable 
conversion efficiency. Furthermore, it has a problem of 
having polarization sensitivity that the conversion effi- 
ciency varies sharply depending on the orientation of the 
crystal. 

[0006] Moreover, the domain inversion for the quasi- 
phase matching must undergo poling using a high volt- 



age, offering a problem of low yields. Besides, since the 
domain inversion by the poling must be formed such that 
it makes phase matching with a specified wavelength, 
the wavelength of the pumping light must be fixed. 
5 [0007] As a result, the wavelength converter fabricat- 
ed has a problem in that it can convert only to a fixed 
wavelength, and hence cannot convert to a wavelength 
required. The converting function to a desired wave- 
length is needed for equipment such as optical switching 
10 systems and optical routers, which carry out routing us- 
ing wavelengths as routing information. In addition, the 
function is important to circumvent blocking of wave- 
lengths, which can occur when multiple wavelength sig- 
nals are supplied to a single system. 
15 [0008] At present, installation of wavelength division 
multiplexing (WDM) systems is accelerated to imple- 
ment large capacity communications. The WDM sys- 
tems can reduce the cost of a system by transmitting 
multiple signals with different wavelengths through a 
single optical fiber. Therefore, it can increase the trans- 
mission capacity without installing a new fiber. 
[0009] Although the method has an advantage in the 
fiber installation cost, it has a problem of requiring many 
light sources with high wavelength accuracy to achieve 
high density. Up to now, a method is used which selects 
semiconductor lasers that precisely fit to the wave- 
lengths of the signal light, and disposes them by the 
number required. This method, however, has a problem 
of increasing cost because of the selection of lasers suit- 
able for the wavelengths. 

[0010] Alternatively, a method using a semiconductor 
mode-locking laser or fiber ring laser is also proposed. 
In addition, a spectral siice light source is proposed 
which slices supercontinuum (SC) light that is generated 
by the short-pulse light source and nonlinear optical fib- 
er by an arrayed waveguide grating demultiplexer. How- 
ever, since it requires a long nonlinear fiber to generate 
the SC light, it has a problem of making it difficult to re- 
duce its size. 

[0011] The present invention is implemented consid- 
ering the foregoing problems. Therefore, an object of the 
present invention is to provide a high efficiency, low 
noise wavelength converter that can be implemented 
without the high voltage poling of a crystal, and that can 
carry out switching and modulation of converted light by 
using electric field. 

[0012] Another object of the present invention is to 
provide a wavelength converter functioning as a multi- 
wavelength light source capable of controlling a wave- 
length band or the number of wavelengths by selecting 
electrodes to which electric fields are applied. 
[0013] To accomplish the objects, according to the 
present invention, there is provided a wavelength con- 
verter for producing converted light with a wavelength 
corresponding to an energy difference between signal 
light and pumping light with a wavelength different from 
that of the signal light, by launching the signal light and 
the pumping light into a crystal material simultaneously, 
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wherein the crystal material consists of a crystal com- 
posed of at least one of KTa 1 . x Nb x 0 3 and 
Ki-yLiyTa.^Nb^. 

[0014] In addition, to accomplish the objects, accord- 
ing to a present invention, there is provided a wave- 
length converter operating as a multi-wavelength light 
source including a planar optical waveguide comprising: 
a core with a high refractive index composed of a crystal 
material with a composition of at least one of 
KTa 1 . x Nb x 0 3 and K 1 . y Li y Ta l . x Nb x 0 3 ; a cladding sur- 
rounding the core; an electrode that is formed on a sur- 
face of the optical waveguide and has a fixed electrode 
period; signal light generating means for generating sig- 
nal light with at least one wavelength; and pumping light 
generating means for generating pumping light with a 
wavelength different from that of the signal light output 
from the signal light generating means, wherein the sig- 
nal light and the pumping light are launched simultane- 
ously into the optical waveguide to generate signal light 
with at least one wavelength. 

[0015] Thus, the present invention is characterized in 
that it utilizes the crystal with the composition of 
KTa^xNbxOg and/or K^yLiyTa^NbxOg as a medium for 
achieving the wavelength conversion. These KTN and 
KLTN crystals are a cubic system with centrosymmetry 
in an applied temperature range. Although they have no 
second order nonlinear effect, they are characterized by 
exhibiting secondary nonlinear effect in response to an 
electric field applied. Therefore, it is possible to imple- 
ment the multiple wavelength generation based on the 
differential frequency generation by applying the electric 
field to the electrode with the period that makes phase 
matching with the signal light and pumping light. 
[001 6] The efficiency of the nonlinear optical effect in- 
creases in proportion to the electric field applied, and 
offers a twice or more efficiency as compared with the 
conventional LiNbO a nonlinear optical crystal within a 
range of a practical electric field to be applied. Accord- 
ingly, it can implement the wavelength conversion with 
four times or more efficiency using the same interaction 
length as the conventional LN wavelength converter, or 
with the same efficiency using less than half the inter- 
action length. In addition, when the electric field is re- 
moved, the KTN and KLTN crystals are simply a trans- 
parent medium without causing any changes in the sig- 
nal light. Thus, they can achieve such a function as turn- 
ing the converted light on and off by switching the elec- 
tric field on and off. In addition, the converted light can 
be modulated by modulating the electric field applied. 
[001 7] In addition, as for the conventional wavel ength 
converter, since the LN crystal is a trigonal system, the 
c axis must be aligned to the polarization of the incident 
light to obtain the maximum nonlinear effect, and the 
quasi-phase matching is achieved by inverting the spon- 
taneous polarization in the c axis direction. Therefore, 
in the differential frequency generation by the LN wave- 
length converter, the polarization direction of convertible 
light is limited by the direction of the domain inversion 



produced, making it impossible to achieve high conver- 
sion efficiency in the other polarization, in contrast, the 
KTN and KLTN used in the present invention are an iso- 
tropic crystal with exhibiting a nonlinear characteristic in 
5 the direction of the applied electric field. Thus, they have 
an advantage of being able to implement the polariza- 
tion insensitive wavelength converter easily with such a 
structure as including two electrodes perpendicular to 
each other to which the electric fields are applied. 
10 [0018] Furthermore, the wavelength converter in ac- 
cordance with the present invention has an advantage 
of being able to obviate the need for the high voltage 
poling of the crystal which is required by the convention- 
al LN wavelength converter, and to implement the quasi- 
is phase matching easily by forming the electrode. This is 
because forming several type of electrodes with differ- 
ent periods on the surface of the crystal makes it possi- 
ble to select the wavelength of the pumping light in ac- 
cordance with the period, thereby being able to provide 
the wavelength converter with those functions. Further- 
more, since the principle of the wavelength conversion 
in accordance with the present invention is based on the 
differential frequency generation, which is a parametric 
process, it offers an advantage of high speed beyond 
THz and noise free characteristic. Thus, it can imple- 
ment the performance that no wavelength conversion 
using the optical semiconductors can achieve. Besides, 
since the converted light is generated by the interaction 
between the signal light and pumping light, it is shaped 
up into a pulse train consisting of short-width pulses. Ac- 
cordingly, when the pumping light consists of a short- 
width pulse train such as that of a fiber-ring laser, even 
if the signal light is generated by a broad light source 
such as a semiconductor laser generating light including 
jitters, the wavelength converter in accordance with the 
present invention can generate high quality light. 
[0019] Furthermore, differential frequencies, the 
number of which corresponds to the number of the elec- 
trodes, can be obtained by disposing the electrodes with 
different periods in the direction of the waveguide, by 
launching the pumping light that phase matches with the 
periods, and by applying the electric fields to all the elec- 
trodes. When the initial incident signal light has multiple 
wavelengths, the number of wavelengths the device can 
produce is equal to n*2 m , where n is the number of 
wavelengths of the initial incident signal light, and m is 
the number of electrodes. For example, when the 
number of the wavelengths of the initial incident light is 
10, and the number of the electrodes is four, it can gen- 
erate 160 waves. 

[0020] In addition, since the channel spacing of the 
signal light generated by this method is determined by 
energy difference between the channel spacing of the 
initial incident signal light and the wavelength corre- 
sponding to half the energy of the pumping light, the 
wavelength converter in accordance with the present in- 
vention can generate the light with a uniform channel 
spacing precisely matching the ITU-T grid. 
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[0021 ] Furthermore, it has an advantage of being able 
to offer high speed beyond THz and noise free charac- 
teristic in principle. In addition, it operates as a wave- 
length tunable light source by sequentially applying the 
electric field via the electrodes that have quasi-phase 
matching with different wavelengths. The light source 
can also operate as a variable wavelength light source 
incorporating a modulator, because it can generate a 
modulated signal by modulating the electric field by 
some other method. 

[0022] Although the embodiments below utilize a rec- 
tangular buried waveguide, similar characteristics can 
be achieved by a diffusion waveguide fabricated using 
ion diffusion. 

[0023] Thus, according to the present invention, the 
crystal material consists of a crystal composed of 
KTa^NbxOa and/or K^yUyTa^NbjPa in *e wave- 
length converter that produces converted light with a 
wavelength corresponding to an energy difference be- 
tween the signal light and pumping light with a wave- 
length different from that of the signal light by launching 
the signal light and the pumping light into the crystal ma- 
terial simultaneously. As a result, the present invention 
can implement the high efficiency, low noise wavelength 
conversion without performing the high voltage poling 
of the crystal which is essential for the conventional 
wavelength converter. In addition, it can achieve the 
switching and modulation of the converted light by the 
electric field. 

[0024] Moreover, it can achieve the polarization in- 
sensitive wavelength conversion, which is impossible 
for the conventional converter. This enables the optical 
signal processing indispensable for the optical routing 
applied to the optical communication field, thereby im- 
plementing a router with simple configuration at low 
cost. The wavelength conversion is free from noise, and 
causes no signal degradation even through the wave- 
length conversion is repeated by a number of stages. 
Accordingly it is applicable to a router that repeats the 
signal processing many times. In addition, in the optical 
measurement field, it can demultiplex a ultra-fast optical 
signal at high efficiency, offering an advantage of being 
able to fabricate ultra-fast optical signal measuring in- 
struments with a simple configuration. 
[0025] As for other applications, using the wavelength 
converter in accordance with the present invention can 
implement high wavelength conversion efficiency that 
cannot be achieved by conventional devices, and the 
second harmonic generation by the converter makes it 
possible to use it as a blue color emitted laser light 
source. 

[0026] Furthermore, according to the present inven- 
tion, the wavelength converter includes the electrode 
that is formed on a surface of the optical waveguide and 
has a fixed electrode period; a signal light generating 
means for generating signal light with at least one wave- 
length; and a pumping light generating means for gen- 
erating pumping light with a wavelength different from 



that of the signal light output from the signal light gen- 
erating means, wherein the signal light and the pumping 
light are launched simultaneously into the optical 
waveguide to generate signal light with at least one 
5 wavelength. Thus, it can implement a multi-wavelength 
light source, which cannot be realized by the conven- 
tional technique, on a single chip. In addition, it can con- 
trol the number of wavelengths and wavelength band by 
selecting the electrodes to which the electric field is ap- 

10 plied. Furthermore, it offers an advantage of being able 
to generate the short-pulse signal light with ease. Thus, 
the present invention can implement the multi-wave- 
length light source applied to the wavelength division 
multiplexing communication with a simple and inexpen- 

15 sive configuration. 

[0027] As described above, the KTN crystal and KLTN 
crystal used in the present invention assume that they 
are used as a cubic system. However, the ferroelectric 
phase transition temperature from the cubic to tetrago- 

20 nal system is controllable in a range of -250°C - 400°C 
by varying composition of the Nb and Ta. In this case, 
by using a crystal with the phase transition temperature 
above the room temperature, and by cooling it below the 
phase transition temperature with applying the electric 

25 field via the electrode, the spontaneous polarization oc- 
curs in the direction of the electric field applied, and is 
fixed. A wavelength converter requiring no application 
of the electric field can be configured by controlling the 
phase transition temperature. The polarization structure 

30 thus configured can be eliminated by elevating its tem- 
perature beyond the phase transition temperature. 
[0028] The above and other objects, effects, features 
and advantages of the present invention will become 
more apparent from the following description of embod- 

35 iments thereof taken in conjunction with the accompa- 
nying drawings. 

FIG. 1 is a block diagram showing a configuration 
of a device used for second harmonic generation in 
40 an embodiment 1 in accordance with the present 
invention; 

FIG. 2 is a graph illustrating a generating example 
of the second harmonic in the embodiment 1 ; 
FIG. 3 is a graph illustrating a second harmonic pro- 
45 duced by turning applied electric field on and off in 
the embodiment 1 ; 

FIG. 4 is a perspective view showing a structure of 
a wavelength converter fabricated in an embodi- 
ment 2 in accordance with the present invention; 

so FIG. 5 is a graph illustrating a spectrum after the 
wavelength conversion in the embodiment 2; 
FIG. 6 is a perspective view showing a structure of 
a wavelength converter fabricated in an embodi- 
ment 3 in accordance with the present invention; 

55 FIG. 7 is a perspective view showing a structure of 
a wavelength converter fabricated in embodiments 
4 and 6 in accordance with the present invention; 
FIG. 8 is a graph illustrating spectra in the embod- 
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iments 4 and 6; 

FIGs. 9A and 9B are cross-sectional views of elec- 
trodes perpendicular to the waveguide, wherein 
FIG. 9A shows an electrode for TM polarization, and 
FIG. 9B shows an electrode for TE polarization; and 5 
FIG. 10 is a table showing wavelengths generated 
by applying electric fields to electrodes at a desired 
time. 

[0029] The embodiments in accordance with the to 
present invention will now be described with reference 
to accompanying drawings. 

[EMBODIMENT 1] 

15 

[0030] In the present embodiment 1 , the wavelength 
conversion performance of the KLTN crystal material is 
confirmed by generating a second harmonic using a 
KLTN crystal material. 

[0031] FIG. 1 is a diagram showing a configuration for 20 
the second harmonic generation using a KLTN crystal. 
The KLTN crystal 4 is a 0.5 mm thick plate with its both 
surfaces optically polished. It includes electrodes 
formed within an incidence plane by depositing gold, 
and connected to a DC power supply through copper 25 
wires connected to the electrodes. The crystal material 
is composed of KTa 1 . x Nb x 0 3 and/or K^L^a^N^C^. 
[0032] A fundamental wave generator 1 generates a 
1.55 ujn fundamental wave in accordance with to a dif- 
ferential frequency between an Nd:YAG Q-switched la- 30 
ser and an excimer laser. A polarizer 2 controls the po- 
larization of the fundamental wave in the direction par- 
allel to the electric field, and launches it between the 
electrodes of a KLTN crystal 4 mounted on a rotary 
stage 5 via a lens 3. The KLTN crystal 4, rotating on an 35 
axis in the direction of the electric field, causes the SHG 
(Second Harmonic Generation) light to pass through a 
polarizer 7 via a lens 6. The SHG light passes through 
a filter 8 so that only the light with the same polarization 
direction as that of the incident light is launched into a *o 
photo multiplier tube 8. 

[0033] The incident angle dependence of the gener- 
ated SHG light was measured by this method. The SHG 
light was measured in the same setup by launching the 
fundamental wave in the direction of the z-axis of an LN 45 
with X-cut, and it was compared with the SHG light in- 
tensity of the KLTN. FIG. 2 illustrates its result. In FIG. 
2, a denotes the second harmonic from the KLTN crystal 
of the present embodiment 1 , and b denotes the second 
harmonic from the LN used as a standard sample. FIG. so 
2 clearly shows that the KLTN crystal supplied with the 
electric field generates the SHG light a, and that the 
crystal comes to have the wavelength conversion func- 
tion by the electric field applied thereto. 
[0034] The angle dependence of the SHG light inten- 55 
sity illustrated in FIG. 2 is based on the relationship be- 
tween the nonlinear coherence length of the crystal and 
the interaction length of the fundamental wave, the peak 



interval of which allows to estimate the depth of the ef- 
fective electric field formed in the KLTN. In this case, it 
is estimated about 0.2 mm. The SHG intensity obtained 
by applying the electric field of one KV/cm is about 10 
times greater than that of the LN , corresponding to about 
79 pm/V in terms of a second order nonlinear coefficient. 
This is the greatest second order nonlinear coefficient 
among the nonlinear optical crystals reported up to now. 
[0035] Furthermore, a new electrode was formed on 
the surface, on which the electrodes used in the forego- 
ing measurement were not formed, such that the two 
electrodes become perpendicular. The two electrodes 
were supplied with the one KV/cm electric field, and the 
fundamental wave was normally launched onto the two 
electrodes. In this case, the SHG light with the same 
intensity was observed for the two polarized waves, 
thereby demonstrating that the KLTN crystal can 
achieve the wavelength conversion of the signal light in- 
cluding any polarized wave by controlling the application 
direction of the electric fields. 

[0036] FIG. 3 illustrates the rate of change of the SHG 
light intensity with respect to time, which was measured 
by turning the electric field on and off. It is dear from 
FIG. 3 that the SHG light was generated by applying the 
electric field, and eliminated by removing it. Thus, it is 
obvious that the KLTN crystal functions as a transparent 
medium without the electric field, and as a switch capa- 
ble of turning on and off the converted light by the on- 
off of the electric field. In addition, since the nonlinear 
constant varies in proportion to the applied voltage, it is 
clear that the KLTN crystal operates not only as the 
switch, but also as a modulator capable of modulating 
the converted light intensity by the electric field. 

[EMBODIMENT 2] 

[0037] A rectangular waveguide structure as shown 
in FIG. 4 was fabricated using photolithography and liq- 
uid phase epitaxial technique. The fabricated KLTN 
waveguide 1 3 has a refractive index difference of 2.5%, 
and the cutoff wavelength in a high-order mode is 0.6 
\im. Thus, it functions as a single-mode waveguide for 
a long wavelength. The fabricated waveguide was 3 cm 
long, and the loss of the waveguide was 0.15 dB/cm. 
[0038] FIG. 4 shows a wavelength converter fabricat- 
ed in this way. A substrate 15 was composed of SrT10 3 
doped with La, and gold was deposited on a top elec- 
trode 14. The period of the electrode elements corre- 
sponds to the grating period that enables the quasi- 
phase matching needed for the wavelength conversion 
of 1 .55 urn band using the pumping light of 0.775 um 
In this case, the period of electrode elements becomes 
12 urn. The outgoing light was measured using an opti- 
cal spectrum analyzer with applying the voltage of one 
KV/cm to the electrode, and launching the 1 .54 um sig- 
nal light and 0.775 \xm pumping light simultaneously into 
the incidence edge using a polarization-maintaining op- 
tical fiber. 
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[0039] FIG. 5 is a graph illustrating a spectrum after 
the wavelength conversion. In FIG. 5, the reference 
symbol c designates input signal light, d designates the 
second-order diffraction light of the pumping light and e 
designates the converted light. FIG. 5 clearly shows that 
the wavelength conversion is implemented by the differ- 
ential frequency generation. In addition, the signal light 
and converted light undergo the parametric amplifica- 
tion, and the gain of the converted light with respect to 
the input signal light reaches about 1 5 dB, which is such 
a high gain that the conventional LN wavelength con- 
verter cannot achieve. Furthermore, the conversion ef- 
ficiency can also be controlled by varying the intensity 
of the electric field applied, and it is only the signal light 
that is output by turning off the electric field. Moreover, 
it was also possible to control the electric field such that 
the converted light intensity was maintained at a con- 
stant value against the variable input signal light inten- 
sity with fixing the pumping light intensity and by moni- 
toring the output signal light intensity. 
[0040] Although the present embodiment 2 uses the 
KLTN waveguide, similar wavelength conversion was 
implemented by using a KTN waveguide. The KTN 
waveguide had a propensity to vary its efficiency more 
sensitively to temperature than the KLTN waveguide. 

[EMBODIMENT 3] 

[0041 ] A device as shown in FIG. 6 was fabricated by 
adding new electrodes to the wavelength converter of 
the foregoing embodiment 2, and an experiment similar 
to that of the embodiment 2 was conducted concerning 
the wavelength conversion. In FIG. 6, the reference nu- 
meral 19 designates a KLTN waveguide, 20 designates 
a top electrode for TM polarization for converting a TM 
polarization, 21 designates an electrode for TE polari- 
zation for converting a TE polarization, 22 designates 
an La-doped SrTi0 3 used as a bottom electrode for the 
TM polarization and as a substrate. The wavelength 
conversion characteristics were measured for both the 
TE and TM polarizations this time. 
[0042] FIGs. 9A and 9B show cross-sections of the 
electrodes perpendicular to the waveguide: FIG. 9A 
shows the placement of the electrode for the TM polar- 
ization; and FIG. 9B shows the placement of the elec- 
trode for the TE polarization, in these figures, the refer- 
ence numeral 31a designates an electrode (substrate), 
31b designates a substrate, and 32 designates a 
waveguide, and reference numerals 33, 33a and 33b 
each designate an electrode. Since the electric field dis- 
tribution differs depending on the electrode structure, 
the TE polarization requires about 1.5 times greater 
electric field than the TM polarization to obtain the same 
conversion efficiency between the TE and TM. However, 
it was easy to implement polarization insensitive wave- 
length conversion by adjusting the electric field applied. 
In addition, it was possible to implement the wavelength 
conversion of only one of the polarized waves by turning 



on and off the electric field. 

[EMBODIMENT 4] 

s [0043] A wavelength conversion experiment was con- 
ducted using a device that had nearly the same structure 
as the device of the foregoing embodiment 3, and in- 
cluded four types of electrodes with different element 
periods provided in the longitudinal direction of the 

10 waveguide. FIG. 7 shows a structure of the wavelength 
converter fabricated in this way. In FIG. 7, the reference 
numeral 23 designates a KLTN waveguide, each refer- 
ence numeral 24 designates a top electrode, and 25 
designates an La-doped SrTi0 3 used as a bottom elec- 
ts trode and substrate. 

[0044] Pumping wavelengths that can achieve phase 
matching at the element periods are 0.770, 0.772, 0.774 
and 0.776 ujn. The wavelength of the signal light was 
set at 1 .53 jxm. The pumping light with the four wave- 

20 lengths and the signal light with one wavelength were 
launched into the waveguide. Voltages corresponding 
to one KV/cm were applied to the four types of elec- 
trodes sequentially, and the converted light was meas- 
ured by the spectrum analyzer. FIG. 8 illustrates the re- 

25 sultant wavelength conversion spectra. FIG. 8 illustrates 
that the converted light varies its wavelength succes- 
sively in accordance with the changes of the electrodes 
the voltages are applied to, and that it functions as a 
bias in the wavelength conversion in which the wave- 

30 length to be electrically converted is controlled. In addi- 
tion, applying voltages to several types of electrodes 
makes it possible to convert the signal light into several 
wavelengths, which shows that the device is applicable 
as a wavelength converter for multicast and the like. 

35 [0045] Incidentally, when all the electrodes E1 -E4 are 
turned on, although the 1552 nm light generated by the 
conversion by the electrode E1 undergoes further con- 
version by the electrodes E2 and E3, thereby generating 
light with different wavelengths, FIG. 8 illustrates only 

40 the wavelength conversion spectra obtained by elimi- 
nating the light generated by the multiple conversion by 
filters. 

[EMBODIMENT 5] 

45 

[0046] By using the wavelength converter of the fore- 
going embodiment 3, noise figure measurement of the 
wavelength conversion was conducted which was car- 
ried out by using the signal light (1.543 um) modulated 
50 to a 160 Gbit/s signal and 0.775 urn pumping light (CW 
light). The noise figure, which was measured optically 
and electrically, was less than 0.5 dB, with exhibiting no 
noise increase by the wavelength conversion. Thus, the 
present embodiment 5 can respond to a high rate signal 
55 to which the wavelength converter using the optical 
semiconductor cannot respond. Thus, it was demon- 
strated that a noise-free wavelength conversion was im- 
plemented. 
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[EMBODIMENT 6] 

[0047] A rectangular waveguide structure was fabri- 
cated using the photolithography and liquid phase epi- 
taxial technique. The fabricated waveguide has a refrac- 
tive index difference of 2.5%, and the cutoff wavelength 
in a high-order mode is 0.6 urn. Thus, it functions as a 
single-mode waveguide for a long wavelength. The fab- 
ricated waveguide was 3 cm long, and the loss of the 
waveguide was 0. 1 5 dB/cm. The substrate is composed 
of SrTi03 doped with La, on which gold was deposited 
to form electrode patterns. It was also possible to form 
a similar wavelength converter using KTa0 3 as the sub- 
strate, and deposited Pt as the bottom electrode. 
[0048] FIG: 7 is a perspective view showing a struc- 
ture of the wavelength converter as a wavelength tuna- 
ble wavelength light source fabricated in the same man- 
ner as the foregoing embodiment 4. The device was 
subjected to temperature control by a Peltier device to 
stabilize the efficiency and signal wavelength. The pe- 
riods of the electrodes that can implement the quasi- 
phase matching required for the differential frequency 
generation of the light with the wavelength of 1.55 urn 
band using the pumping light with the wavelengths of 
0.770, 0.775, 0.780, and 0.785 u.m. In this case, the pe- 
riods of the electrode elements become 12-13 urn. The 
output was measured using an optical spectrum analyz- 
er with applying the voltage of one KV/cm to the elec- 
trodes, and launching the 1 .53 nm signal light fed from 
the signal light generator and the pumping light with the 
wavelength of 0.770, 0.775, 0.780, and 0.785 u.m fed 
from the pumping light generator simultaneously into the 
incidence end using a polarization-maintaining optical 
fiber. 

[0049] FIG. 8 is a graph illustrating spectra generated 
by applying the electric field sequentially to the elec- 
trodes as described above. FIG. 8 clearly shows that the 
wavelength tunable light source is implemented by the 
differential frequency generation. 
[0050] In addition, the signal light and converted light 
undergo the parametric amplification, and the gain of the 
converted light with respect to the input signal light 
reaches about 15 dB, which is a high gain the conven- 
tional LN wavelength converter cannot achieve. Fur- 
thermore, the conversion efficiency can also be control- 
led by varying the intensity of the electric field applied, 
and it is only the signal light that is output by turning off 
the electric field. 

[0051 ] It was also possible to control the electric field 
such that the converted light intensity was maintained 
at a constant value against the variable input signal light 
intensity with fixing the pumping light intensity and by 
monitoring the output signal light intensity. The wave- 
length converter could also maintain the intensity of the 
output light at nearly the fixed value by operating it in 
the gain saturation region. Alternatively, the output light 
intensity could be maintained at a fixed value by apply- 
ing progressively strong electric field as the electrodes 



approached the output side. 

[0052] FIG. 7 shows a configuration in which the elec- 
trode surfaces 24 and 25 are disposed in the vertical 
direction. However, the TE and TM polarizations can be 

5 generated independently by disposing, besides the 
electrodes disposed in the vertical direction, electrodes 
in the direction horizontal to the surface, and by supply- 
ing the horizontal electrodes with electric field independ- 
ently of the vertical electrodes. FIGs. 9A and 9B are 

w cross-sectional views showing planar optical waveguide 
in accordance with the present invention, which is sec- 
tioned normally to the waveguide at the positions of the 
electrodes. FIG. 9A shows a structure that disposes the 
electrode surfaces 31a and 33 in the vertical direction, 

15 and FIG. 9B shows a structure that disposes the elec- 
trode surfaces 33a and 33b in the horizontal direction. 

[EMBODIMENT 7] 

20 [0053] In the configuration similar to the embodiment 
6, the electric field modulated by 10 GHz was sequen- 
tially applied to the electrodes. Thus, at 1550, 1560, 
1570 and 1580 nm, a light signal modulated by 10 GHz 
can be obtained as the need arises. This proves that it 

25 functions as a variable wavelength light source of 10 
Gbit/s. The channel spacing can be readily varied by 
controlling the periods of the electrode elements, that 
is, by making phase matching between the wavelength 
of the pumping light and the wavelength of the signal 

30 light Furthermore, if the signal light of 1 530 nm consists 
of a pulse train of 100 GHz of a fiber-ring laser, the var- 
iable wavelength light source can also generate the sig- 
nal light of 100 Gbit/s. 

[0054] Moreover, an increasing number of the elec- 
35 trode patterns fabricated can easily increase the 
number of the variable wavelengths. Thus, the wave- 
length tunable light source covering a 1250-1700 nm 
range was easily implemented by disposing chips with 
different electrode patterns in parallel. 

40 

[EMBODIMENT 8] 

[0055] The number of the wavelengths was increased 
in the same method as the embodiment 6 except that 

45 the present embodiment 8 used the pumping light with 
767.75, 774.75, 784.75 and 804.75 nm, and signal light 
including 10 wavelengths of 1528, 1529, 1530, 1531, 
1532, 1533, 1534, 1535, 1536 and 1537 nm as the light 
launched into the multi-wavelength light source, thereby 

so implementing a multiple wavelength scheme. FIG. 10 
shows the wavelengths obtained by applying the electric 
fields to the electrode as required. As shown in FIG. 1 0, 
when the electrodes are each turned on, the signal with 
the wavelength corresponding to the differential fre- 

55 quency is obtained. Accordingly, applying the electric 
fields to each electrode makes it possible to double the 
number wavelengths. 

[0056] In addition, since turning on all the electrodes 
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will allow each electrode to generate the differential fre- 
quency, and the next electrode to perform the differential 
frequency generation again, the signal light passing 
through the four stages of the electrodes will include the 
total of 1 60 waves. Thus, applying the present invention 
can implement a multi-wavelength light source by a sin- 
gle-chip device with ease. It is obvious that connecting 
chips, each including one electrode, by fibers can also 
implement a similar light source. In addition, as clearly 
seen from FIG. 10, selecting the electrode to which the 
electric field is applied makes it possible to obtain a sig- 
nal including a necessary number of wavelengths in a 
required wavelength range. 

[EMBODIMENT 9] 

[0057] The initially incident 10 wavelengths, which 
were launched into the foregoing embodiment 8 of the 
multi-wavelength light source, were generated by the 
multi-wavelength light source with the same structure 
as the embodiment 6 including 10 types of electrodes. 
In this condition, an experiment similar to that of embod- 
iment 8 was conducted using a 100 GHz pulse train of 
a fiber-ring laser or semiconductor mode-locking laser 
as the initial signal light among them. Although all the 
resultant wavelengths were the same as those of the 
foregoing embodiments, all the signals were composed 
of short pulses modulated by 100 GHz. Thus, the meth- 
od in accordance with the present invention has an ad- 
vantage of being able to generate the signal light with 
multiple wavelengths consisting of short pulses easily. 

[EMBODIMENT 10] 

[0058] The temperature of the waveguide with the 
electrodes, which was fabricated by the same method 
as the foregoing embodiments, was dropped with apply- 
ing electric field. The phase transition temperature of the 
KLTN crystal constituting the core was 5°C, and the 
waveguide was cooled down to -10°C, followed by re- 
moving the application of the electric field. In this con- 
dition, the wavelength conversion was carried out in the 
same method as the foregoing embodiments. In this 
case, although the electric field was not applied, the 
foregoing wavelength conversion efficiency was 
achieved. This is because the temperature drop caused 
the crystal to transition from the cubic system to the te- 
tragonal system, and the electric field due to spontane- 
ous polarization generated in the crystal brought about 
the secondary nonlinear effect in place of the external 
electrodes. Using this method makes it possible to carry 
out the wavelength conversion without applying the 
electric field continuously, and to perform the same 
wavelength conversion induced by the electric field as 
in the foregoing embodiments by elevating the temper- 
ature above the phase transition temperature. The 
phase transition temperature of the crystal can be con- 
trolled by varying the composition ratio of Nb and Ta. 



Accordingly, the design becomes possible of the wave- 
length converter that will minimize the power consump- 
tion of the temperature control near the room tempera- 
ture by selecting the composition depending on whether 
s the electric field application precedes, or the operation 
is fixed to that does not induce the electric field. 
[0059] The present invention has been described in 
detail with respect to preferred embodiments, and it will 
now be apparent from the foregoing to those skilled in 
10 the art that changes and modifications may be made 
without departing from the invention in its broader as- 
pects, and it is the intention, therefore, in the appended 
claims to cover all such changes and modifications as 
fall within the true spirit of the invention. 
is [0060] A wavelength converter implements high 
speed, high efficiency, low noise wavelength conversion 
without performing high voltage poling of a crystal, and 
enables switching and modulation of converted light in 
response to an electric field. A KLTN crystal (4), which 
is a 0.5 mm thick plate with its surfaces optically pol- 
ished, includes a deposited-gold electrode within its in- 
cidence plane, and is connected to a DC power supply 
via a copper wire. The crystal material is composed of 
KTa 1 _ x Nb x 0 3 and/or K 1 . y Li y Ta 1 . x Nb x 0 3 . A fundamental 
wave generator (1) generates a 1.55 um fundamental 
wave in accordance with a differential frequency be- 
tween an Nd:YAG Q-switched laser and an excimer la- 
ser. A polarizer (2) controls the polarization of the fun- 
damental wave in the direction parallel to the electric 
field, and launches it into the electrode of the KLTN crys- 
tal (4). The KLTN crystal (4), rotating on an axis in the 
direction of the electric field, launches only part of the 
generated SHG light with the same polarization direc- 
tion as that of the incident light into a photo multiplier 
(8) through a polarizer (7). 



A wavelength converter for producing converted 
light with a wavelength corresponding to an energy 
difference between signal light and pumping light 
with a wavelength different from that of the signal 
light, by launching the signal light and the pumping 
light into a crystal material simultaneously, wherein 
said crystal material consists of a crystal composed 
of at least one of KTa 1 . x Nb x 0 3 and 
K^yLiyTa^.Nb^. 

The wavelength converter as claimed in claim 1, 
wherein said crystal material is supplied with an 
electric field to induce wavelength conversion. 

The wavelength converter as claimed in claim 2, 
wherein said crystal material comprises a comb 
electrode with an electrode period that will establish 
quasi-phase matching between the signal light and 
the pumping light. 



35 tube 
Clai 

40 1. 

45 

50 2. 



3. 

55 



25 



8 



15 



EP1 248 143 A2 



16 



4. The wavelength converter as claimed in claim 2, 
wherein said electrode comprises at least two elec- 
trodes with different periods. 

5. The wavelength converter as claimed in claim 2, s 
wherein said crystal material comprises an elec- 
trode structure that enables the electric field to be 
applied to said electrode structure in at least two 
directions. 

10 

6. The wavelength converter as claimed in claim 2, 
wherein said crystal material comprises a core with 
a high refractive index and a cladding with a low re- 
fractive index, both of them being composed of at 
least one of KTa^Nb^Oa and K i-y Li y Ta i-x Nt >x°3 75 
with different compositions. 

7. The wavelength converter as claimed in claim 2, fur- 
ther comprising an application halting means for 
halting applying the electric field when a tempera- 20 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 25 

8. The wavelength converter as claimed in claim 1, 
wherein the converted light is modulated by modu- 
lating the electric field applied to said crystal mate- 
rial. 30 

9. The wavelength converter as claimed in claim 8, 
wherein said crystal material comprises a comb 
electrode with an electrode period that will establish 
quasi-phase matching between the signal light and 35 
the pumping light. 

10. The wavelength converter as claimed in claim 8, 
wherein said electrode comprises at least two elec- 
trodes with different periods. 40 

11. The wavelength converter as claimed in claim 8, 
wherein said crystal material comprises an elec- 
trode structure that enables the electric field to be 
applied to said electrode structure in at least two 45 
directions. 

12. The wavelength converter as claimed in claim 8, 
wherein said crystal material comprises a core with 

a high refractive index and a cladding with a low re- so 
tractive index, both of them being composed of at 
least one of KTa 1 . x Nb x 0 3 and K^yUyTa^NbxOa 
with different compositions. 

13. The wavelength converter as claimed in claim 8, fur- 55 
ther comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 



sition temperature with applying the electric field, 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

14. The wavelength converter as claimed in claim 1, 
wherein said crystal material comprises a comb 
electrode with an electrode period that will establish 
quasi-phase matching between the signal light and 
the pumping light. 

15. The wavelength converter as claimed in claim 14, 
wherein said electrode comprises at least two elec- 
trodes with different periods. 

16. The wavelength converter as claimed in claim 14, 
wherein said crystal material comprises an elec- 
trode structure that enables the electric field to be 
applied to said electrode structure in at least two 
directions. 

17. The wavelength converter as claimed in claim 14, 
wherein said crystal material comprises a core with 
a high refractive index and a cladding with a low re- 
fractive index, both of them being composed of at 
least one of KTa^NbxC^ and K^yLiyTa^NbjPa 
with different compositions. 

18. The wavelength converter as claimed in claim 14, 
further comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

19. The wavelength converter as claimed in claim 1, 
wherein said electrode comprises at least two elec- 
trodes with different periods. 

20. The wavelength converter as claimed in claim 19, 
wherein said crystal material comprises a core with 
a high refractive index and a cladding with a low re- 
fractive index, both of them being composed of at 
least one of KTa 1 . x Nb x 0 3 and K^yLiyTa^NbjPa 
with different compositions. 

21. The wavelength converter as claimed in claim 19, 
further comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

22. The wavelength converter as claimed in claim 1 , 
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wherein said crystal material comprises an elec- 
trode structure that enables the electric field to be 
applied to said electrode structure in at least two 
directions. 

5 

23. The wavelength converter as claimed in claim 22, 
further comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 10 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

24. The wavelength converter as claimed in claim 1, 15 
wherein said crystal material comprises a core with 

a high refractive index and a cladding with a low re- 
fractive index, both of them being composed of at 
least one of KTa^NbjPa and K^yLiyTa^Nb^ 
with different compositions. 20 

25. The wavelength converter as claimed in claim 24, 
further comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 25 
sition temperature with applying the electric field, 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

30 

26. The wavelength converter as claimed in claim 1 f fur- 
ther comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 35 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

27. A wavelength converter operating as a multi-wave- 40 
length light source including a planar optical 
waveguide comprising: 

a core with a high refractive index composed of 
a crystal material with a composition of at least 45 
one of KTa Vx Nb x 0 3 and K^yLiyTa^Nb^ ; 
a cladding surrounding said core; 
an electrode that is formed on a surface of said 
optical waveguide and has a fixed electrode pe- 
riod; 50 
signal light generating means for generating 
signal light with at least one wavelength; and 
pumping light generating means for generating 
pumping light with a wavelength different from 
that of the signal light output from said signal 55 
light generating means, wherein 
the signal light and the pumping light are 
launched simultaneously into said optical 



waveguide to generate signal light with at least 
one wavelength. 

28. The wavelength converter as claimed in claim 27, 
wherein the electrode period satisfies quasi-phase 
matching condition required for differential frequen- 
cy generation based on an energy difference be- 
tween the signal light and the pumping light. 

29. The wavelength converter as claimed in claim 28, 
wherein said electrode has a structure that enables 
the electric field to be applied in at least one of two 
directions parallel to a direction of an electric field 
of TE polarization of the signal light and parallel to 
a direction of TM polarization of the signal light. 

30. The wavelength converter as claimed in claim 28, 
wherein the signal light is modulated by modulating 
a voltage applied to said electrode. 

31. The wavelength converter as claimed in claim 28, 
wherein said electrode comprises a plurality of elec- 
trodes with different periods. 

32. The wavelength converter as claimed in claim 28, 
further comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

33. The wavelength converter as claimed in claim 27, 
wherein said electrode has a structure that enables 
the electric field to be applied in at least one of two 
directions parallel to a direction of an electric field 
of TE polarization of the signal light and parallel to 
a direction of TM polarization of the signal light. 

34. The wavelength converter as claimed in claim 33, 
wherein the signal light is modulated by modulating 
a voltage applied to said electrode. 

35. The wavelength converter as claimed in claim 33, 
wherein said electrode comprises a plurality of elec- 
trodes with different periods. 

36. The wavelength converter as claimed in claim 33, 
further comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

37. The wavelength converter as claimed in claim 27, 
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wherein the signal light is modulated by modulating 
a voltage applied to said electrode. 

38. The wavelength converter as claimed in claim 37, 
wherein said electrode comprises a plurality of elec- 5 
trodes with different periods. 

39. The wavelength converter as claimed in claim 37, 
further comprising an application halting means for 
halting applying the electric field when a tempera- 10 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. is 

40. The wavelength converter as claimed in claim 27, 
wherein said electrode comprises a plurality of elec- 
trodes with different periods. 

20 

41. The wavelength converter as claimed in claim 40, 
further comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 25 
wherein said wavelength converter carries out 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 

42. The wavelength converter as claimed in claim 27, 30 
further comprising an application halting means for 
halting applying the electric field when a tempera- 
ture of a waveguide is dropped below a phase tran- 
sition temperature with applying the electric field, 
wherein said wavelength converter carries out 35 
wavelength conversion after said application halt- 
ing means halts applying the electric field. 
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